A data center (DC) is one of the main building blocks of the internet. Any intra DC network should strive to achieve high throughput, while continuing to be flexible in responding to changing traffic patterns. Optical wireless communication links on top of the fiber/wire infrastructure could offer flexible and dynamic reconfiguration of the network. In this paper we present the design of an optical wireless communication orbital angular momentum (OAM) system which could provide faster communication rate. The proposed receiver is described in detail and a numerical example is given.
wireless communication orbital angular momentum (OAM) communication due to the fact that OAM multiplexing can access a potentially large set of OAM modes, and thus offer a much larger number of bits per symbol and a much faster data rate. Due to the controlled environment of the data center the distortion effect of the OAM could be predicted and mitigated.
The use of unique optical techniques in data centers is the focus of increasing interest [4, 6, 7, 8, 9] . Refs [10, 11, 12, 13, 14] describe OAM communication systems. A comprehensive review appears in [10] outlining the application of OAM to communications: beam generation, multiplexing, transmission through free space and fiber, networking and use in quantum information. OAM multiplexing has been joined with polarization as well as wave division multiplexing (WDM) for a larger state space [13, 14, 15] , and [16] describes a hybrid fiber/free-space communications system. OAM has been successfully transmitted through free space over distances as great as 3 km [11, 12] . Transmission over long distances requires measures to deal with turbulence (see [10] , p.80) and beam divergence [17] ; these are not relevant for the distances dealt with in this paper.
The rest of this paper is organized as follows. We start with a discussion of orbital angular momentum in Section II. Details of the proposed communications scheme are presented in Section III. In Section IV we outline the proposed receiver design. Section V describes a simulation of performance and error, followed by discussion and conclusions in Section VI.
II. ORBITAL ANGULAR MOMENTUM
Light beams can and generally do have orbital angular momentum (OAM). In 1992 it was shown by Allen et al. [18] that beams with an azimuthal phase term exp Table 1 .) OAM modes can be generated in a variety of ways including holograms, cylindrical lens converters, phase plates, and SLMs [10, 19] .
III. THE COMMUNICATION SYSTEM SCHEME An OWC transceiver is installed on top of each rack and can communicate with neighboring transceivers to create an adaptive optical wireless network [4] . Creation of an optical link between the racks allows the load to be rerouted. Fig.2 shows details of the scheme. Photons from the source go through a modulator, where they are brought to a specified state of OAM according to the modulation signal. The modes are chosen with a view to maximum distinction of the signal. Both radial and azimuthal mode parameters are exploited. The modes are shown in Table 1 , along with the intensity distribution at various radii corresponding to those of the detector. The intensities in the table were computed by squaring the beam amplitude and integrating over ring area.
Values are rounded off to second decimal. The images scale according to divergence of the beam.
According to the information input, the transmitter chooses one out of m OAM modes. The beam then is collimated by a telescope and transmitted for a short distance in free space, to a telescope at the receiver unit. There the beam is directed to an array of annular detectors. The signal from the detectors then reaches a computation unit where the it is digitized and analyzed (see Figure 3) , while the system is synchronized with the transmitter. The results of the analysis then pass through the decision unit where the correct modes are chosen and the information is extracted accordingly. Photons are transferred to a modulator where they are given OAM. According to the information input, the transmitter chooses one out of the m OAM modes. The beam then propagates through free space to the receiver unit, where it is directed to an array of detectors, converted to a digital signal, and analyzed to estimate the signal.
IV. OAM RECEIVER DESIGN
In our proposed receiver design, we take advantage of the symmetry of OAM beam, thus our detector has radial symmetry. The detector is composed of PIN photodiodes arranged in a series of annular rings that fill the entire beam area (Fig. 3) . The rings are not identical in radius. We optimized the radii of the rings so that the modes would be maximally distinct. Fig. 4 is a graph of intensity distribution for an alphabet of four OAM modes, showing the different intensity peaks at various distances from the center. As shown in Fig.4 , these modes have sufficiently distinct maxima to be suitable for the receiver, while graphs of other modes showed far too much overlap. Table 1 gives the amplitude distribution for an alphabet of four modes at these radii, and depicts the mapping of modes to symbols.
The signal from each ring enters the input of a transimpedance amplifier (TIA) for conversion of the sensor current to voltage. Then it reaches a comparator with a reference voltage. Each comparator will create logic "1" if the energy from its ring is above a certain value, in our case 0.3 of the total beam energy. The comparator output is sent to a set of simple logic gates consisting of NOTs, AND and OR, to extract the LSB and MSB (see Figure 3) , where . (2) A,B and C refer to the signal from comparators from the first (inner), second, and third ring of detectors respectively. The radii were chosen in such a way that three are sufficient for mode identification. The fourth ring is used in order to detect error and misalignment. The two telescopes must be aligned, so that all the energy reaches the inner three rings. A signal from the fourth ring shows the beam is not properly aligned. See Tables 3, 4 . The simplicity of logic design, using a very small number of logic gates, means that decoding of the signal is extremely fast and simple. Fig. 3 . The OAM receiver scheme. The detector is a series of concentric rings filling the entire beam area. The signal from each ring goes through a transimpediance amplifier (TIA), then to a comparator, and the LSB and MSB are extracted as in eq.(2). Fig. 4 . Intensity distribution of the four OAM modes used in this scheme. R1,R2,R3 and R4 are the outer radii of the annular detector rings (see Table  I ).
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V. RESULTS
In the previous sections we presented a concept for a system that uses OAM in data centers. In order to consider its performance, we did a Monte Carlo simulation where we added additive white Gaussian noise (AWGN) to the signal and then calculated the symbol error probability. The symbol error rate was calculated as a function α, the ratio between the mean of the sum of signals from all detector rings and the root of the sum variance.
The threshold distinguishing logic values 1 and 0 was adapted optimally to the given α. For each value of α 10 7 runs were performed. The threshold values (ranging from 0.295 to 20*0.295) were found to minimize the error rate. Fig.5 shows the MSB error probability as a function of α. The MSB error is 1/4 of the sum of the MSB error for each mode. A similar check for LSB for the four modes showed negligible error (once out of 10,000 runs.) The reason for this can be seen in Fig.4 and in Table 1 : the modes are far more clearly differentiated in the third ring (LSB) than in the others which together comprise the MSB. For a data center the probability for error should be on the order of 10 -14 . In order to check this properly, we would need to run the simulation at least 10 16 times and at present lack the necessary computing resources.
We conclude that the value that was found for good SNR is not sufficiently low, due to overlap between modes. In order to reduce the required SNR there are two options: First, a detector could be built with a larger number of rings for better resolution of the different mode energies. Another option would be to reduce the size of the dictionary since it would be much simpler to find two modes that are clearly distinguishable (for example in Fig.4 it is clear that LG11 and LG17 are easily distinct). In that case additional degrees of freedom could be added using wavelength or polarization [13, 15] .
VI. SUMMARY AND CONCLUSIONS
The next generation of data centers will require ever faster, flexible intra DC networks. Optical wireless communication can provide an additional adaptive network which can advance the performance of the data centers, working in conjunction with fiber for maximum flexibility. It offers great advantages when compared with additional conventional wired DC communication links including flexibility for various DC traffic patterns substantially reduced power consumption, high bandwidth, high data-rates and low latency . Due to the controlled environment, the availability of an optical wireless link can be extremely high.
We have proposed a system for optical wireless communication using orbital angular momentum to provide a convenient and flexible method of transmitting information through free space in a data center. The system is based on simple design and uses an alphabet of four modes, thus enabling a large number of bits per symbol and a significant speedup of data rate. An expansion to more than four modes is straightforward. This is a general outline of concept. Implementation of the system requires a decrease in acceptable SNR, either by increasing the number of detector rings or by using a hybrid system with fewer OAM modes and additional degrees of freedom such as polarization or wavelength. In either case use of light for free space communication will increase flexibility and lower maintenance for the data center.
In our proposal both azimuthal and radial characteristics of the beam (different p, l) are employed in order to provide convenient distinction of the different modes. However OAM is usually generated by SLMs, and these are designed to modify either phase or intensity of the beam. A system employing both radial and azimuthal beam characteristics may require two SLM's with a corresponding drop in efficiency.
Another possibility was presented in [20, 21] . In [22] a mode sorter was developed which consists of two refractive optical elements and a lens. The sorter extracts both p and l of the incoming modes. It was demonstrated in [20, 21] that such a sorter can be employed in reverse as a source for OAM states, thus affording control of both p and l. Alternately, there is no difficulty in adapting this proposal to employ azimuthal modes only.
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